Traditionally, phenotype-driven forward genetic plant mutant studies have been among the most successful approaches to revealing the roles of genes and their products and elucidating biochemical, developmental, and signaling pathways. A limitation is that it is time consuming, and sometimes technically challenging, to discover the gene responsible for a phenotype by map-based cloning or discovery of the insertion element. Reverse genetics is also an excellent way to associate genes with phenotypes, although an absence of detectable phenotypes often results when screening a small number of mutants with a limited range of phenotypic assays. The Arabidopsis Chloroplast 2010 Project (www.plastid.msu.edu) seeks synergy between forward and reverse genetics by screening thousands of sequence-indexed Arabidopsis (Arabidopsis thaliana) T-DNA insertion mutants for a diverse set of phenotypes. Results from this project are discussed that highlight the strengths and limitations of the approach. We describe the discovery of altered fatty acid desaturation phenotypes associated with mutants of At1g10310, previously described as a pterin aldehyde reductase in folate metabolism. Data are presented to show that growth, fatty acid, and chlorophyll fluorescence defects previously associated with antisense inhibition of synthesis of the family of acyl carrier proteins can be attributed to a single gene insertion in Acyl Carrier Protein4 (At4g25050). A variety of cautionary examples associated with the use of sequence-indexed T-DNA mutants are described, including the need to genotype all lines chosen for analysis (even when they number in the thousands) and the presence of tagged and untagged secondary mutations that can lead to the observed phenotypes.
Decoding of the Arabidopsis (Arabidopsis thaliana) genome sequence earlier this decade (Arabidopsis Genome Initiative, 2000) provided the opportunity to determine the functions of approximately 27,000 protein-coding genes. One or more functions of a small percentage of genes are currently experimentally determined, typically from mutant or transgenic analysis or through biochemistry. However, roles for the vast majority of plant genes are either more or less accurately predicted by DNA sequence homology or unpredictable based upon DNA sequence (Arabidopsis Genome Initiative, 2000; Cho and Walbot, 2001; Rhee et al., 2008 ; for recent specific examples, see Gao et al., 2009; Schilmiller et al., 2009) . Because of the uncertainty associated with homology-based function assessment, high-throughput approaches to gene function identification are needed to expand the universe of genes with experimental annotation.
In contrast to organisms amenable to targeted gene replacement, such as bacteria, yeast, and mouse (Wendland, 2003; Wu et al., 2007; Adams and van der Weyden, 2008) , obtaining a gene knockout is not as efficient in flowering plants. In Arabidopsis, the conventional way of creating a gene knockout is by insertional mutagenesis via Agrobacterium tumefaciensmediated transformation (Krysan et al., 1999) . Using this technique, a large piece of T-DNA is inserted into the genome in an untargeted manner (Alonso et al., 2003) . If it lands within a coding or regulatory region, the T-DNA can influence the expression of the corresponding gene. While the probability of any single insertion element causing a mutation in a gene of interest is low, sequencing of hundreds of thousands of independent insertion sites has led to a collection of mutants in the majority of genes (http://signal.SALK. edu/tabout.html; Alonso et al., 2003) .
T-DNA mutants can be a valuable tool for forward genetics, in which hundreds or thousands of mutants are subjected to phenotypic assays (Feldmann, 1991; Kuromori et al., 2006) , but reverse genetics is the most common way in which these mutant collections are utilized. Typically, a small number of candidate genes are tested for a role in a particular biological process by reducing or increasing gene expression and assaying one or more phenotypes (for review, see Page and Grossniklaus, 2002; Alonso and Ecker, 2006) . The availability of a gene-indexed T-DNA mutant collection allows researchers to rapidly obtain mutant lines for their genes of interest (http://signal.SALK.edu/ cgi-bin/tdnaexpress). The availability of a large collection of indexed mutant or RNA interference lines in other model organisms has facilitated large-scale reverse genetics studies (Piano et al., 2000; Giaever et al., 2002; Ho et al., 2009 ).
In the course of a large reverse genetics project (The Chloroplast 2010 Project; http://www.plastid.msu. edu/), more than 3,500 T-DNA lines harboring insertions in nuclear genes, most of which were computationally predicted to encode chloroplast-targeted proteins, were subjected to a diverse set of phenotypic screens . In total, 85 phenotypic observations ranging from quantitative metabolite measurements to qualitative phenotypic observations are collected for each mutant line, and the data are stored in a relational database (http://bioinfo.bch.msu.edu/ 2010_LIMS). This approach seeks to take advantage of the best features of forward and reverse genetics by screening a large number of lines with mutations in known genes. Unlike conventional genetics screens, where plants are assayed for one or a small number of traits, this project surveys varied phenotypes.
In this study, a variety of phenotypic variants were analyzed. In some cases, independent mutants of the same gene were found to have similar phenotypes, revealing new information about those genes. In other examples, a single homozygous mutant allele was found to have a detectable phenotype. These run the gamut from cases where secondary mutations are strongly implicated in causing the phenotype, to an example where an analogous maize (Zea mays) mutant is known to have a similar phenotype, to other instances where the causative mutation is yet to be identified. In several examples of secondary mutations, the phenotype was not due to a T-DNA insertion, reinforcing the idea that these untagged alleles are a cause for concern in conducting largescale reverse genetics screens (Vitha et al., 2003; Adham et al., 2005; Zolman et al., 2008) , while providing opportunities for gene function discovery by map-based cloning or whole genome sequence analysis.
RESULTS

Examples of Confirmed Mutants from the Chloroplast 2010 Project
New Phenotypes for a Previously Characterized Mutant: Short-Chain Dehydrogenase At1g10310
The Chloroplast 2010 Project identified a variety of T-DNA lines with phenotypes different from the parental ecotype Columbia plants, including changes not previously described in the Arabidopsis literature. One such example was discovered in the assay for changes in leaf fatty acid methylesters (FAMEs): SALK_125505C leaf samples have an approximately 10% decrease in mol % (1.34% 6 0.05% for wild-type samples and 1.16% 6 0.11% for SALK_125505C; P , 0.01) of 18:1D 9 FAMEs (18:1, number of carbons:number of double bonds; D 9 , double bond between carbon 9 and 10 counting from the carboxyl end), as determined by gas chromatography-flame ionization detection (GC-FID) of FAMEs. SALK_125505C carries a T-DNA insertion in the first exon of At1g10310 (Fig.  1A) , an oxidoreductase that belongs to the short-chain dehydrogenase/reductase (SDR) gene family. Surprisingly, this gene is annotated as encoding a pterin aldehyde reductase based upon the biochemical work of Noiriel et al. (2007) . This annotation was based upon in vitro NADPH-dependent pterin aldehyde reductase activity of recombinant protein produced in Escherichia coli. When seed fatty acid composition of the mutant was compared with that in the wild type, a 15% reduction of 18:1D 9 FAME was observed (Fig. 1C ). This phenotype is consistent with data in AtGenExpress (Schmid et al., 2005) and Noiriel et al. (2007) , indicating that At1g10310 mRNA accumulation is highest in mature seed. A second allele, a transposontagged line (RIKEN line 15-1699-1; Ito et al., 2002) in the Nossen ecotype carrying a Ds element in the second intron of the SDR gene, was analyzed to test whether the lesion in At1g10310 was actually responsible for the observed decrease in 18:1D
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. Indeed, the transposon-tagged line also possessed a similar decrease in seed 18:1D 9 methylester (approximately 20%) accompanied by a substantial increase in 18:2 (approximately 23%) that was not observed for the first allele (Fig. 1C) . Because triacylglycerols account for the majority of lipids in the seed, it is not unexpected that these FAME differences were confirmed in triacylglycerols extracted from seeds (Supplemental Fig.  S1 ). Consistent with the hypothesis that these are lossof-function alleles, reverse transcription-PCR analysis of the two mutant lines confirmed that both T-DNA lines have dramatically reduced levels of At1g10310 mRNA (Fig. 1B) .
To further investigate the influence of this gene in modulating fatty acid composition, transgenic lines were generated by expression of the wild-type At1g10310 cDNA sequence under control of the 35S-cauliflower mosaic virus promoter. Reproducible changes were seen in seed fatty acid composition in T3 overexpresser lines, with an approximately 25% increase in 18:1D 9 methylester and concomitant approximately 15% decrease in 18:3 (Fig. 2) . No differences in patterns were observed for leaf FAMEs in the mRNA-overexpressing lines, suggesting that this gene product is not normally limiting for 18:1D 9 in leaves. While Noiriel et al. (2007) demonstrated that this protein is active toward a number of different aldehydes, including two-to nine-carbon aliphatic aldehydes, aromatic aldehydes, and pterin aldehydes, they did not detect a pterin aldehyde-associated phenotype in the Ds mutant 15-1699-1. Taken together, knockout lines and ectopic overexpression of At1g10310 impli-cate this cytosolic SDR (Supplemental Fig. S2 ) in 18-carbon seed fatty acid metabolism. These results reinforce the value of large-scale reverse genetics mutant screening in discovering novel functions for genes, although understanding the mechanism by which this gene affects 18-carbon metabolism requires further investigation.
Mutants for Genes with Bona Fide Functions: Acyl Carrier Protein4
High-throughput reverse genetics can also be used to confirm and refine our current knowledge. For example, characterization of Arabidopsis Acyl Carrier Protein4 (ACP4) antisense transgenic plants revealed that down-regulation of multiple ACPs results in altered fatty acid composition, compromised photosynthetic efficiency, and a bleached appearance (Branen et al., 2003) . The observed phenotypes are consistent with known ACP function, as these small polypeptides play critical roles in de novo fatty acid biosynthesis and lipid metabolism. In Arabidopsis, there are five known ACP genes (Beisson et al., 2003) , which are differentially expressed (Hlousek-Radojcic et al., 1992) . ACP4 is the most abundant leaf isoform (Bonaventure and Ohlrogge, 2002) , but the influence that each isoform has on leaf fatty acid biosynthesis and photosynthesis is not clear, because ACP2 and ACP3 isoforms were also reduced by 25% to 50% in the reported antisense lines (Branen et al., 2003) . Insertional mutant analysis can help determine whether the ACP4 isoform has the most important function in leaf tissue or whether their roles overlap.
The Chloroplast 2010 Project obtained phenotypic results for two independent T-DNA lines, SALK_ 099519 and SAIL_104_H07, confirmed by our project to harbor insertions in intron 1 and exon 2 of ACP4, respectively ( Fig. 3A ; Supplemental Table S1 ). Both T-DNA mutants are slow growing, have small rosettes, and are chlorotic in appearance (Fig. 3B) . Rosette leaves of SALK_099519 are uniformly light green, whereas chlorosis in SAIL_104_H07 is more severe, revealing dark green veins and leaf margins that are often necrotic. Measurements of maximum quantum yield of PSII (F v /F m ) showed that both lines are impaired in photosynthetic electron transport, as portrayed by false-color images in Figure 3C . The FAME profiles of both mutants also differed from that of the wild type (Fig. 3D) , especially the more severely affected mutant SAIL_104_H07. The prominent decrease in 16:3 methylester was also observed for the ACP4 antisense line (Branen et al., 2003) . Taken together, these data indicate that ablation of expression of the ACP4 isoform alone is sufficient to cause a chlorotic phenotype, reduce photosynthetic competence, and alter fatty acid composition. The SALK_099519 allele was renamed acp4-1 and the SAIL_104_H07 mutation is now acp4-2.
Phenotypes That Appear to Make Sense Sometimes Do Not SALK_027707C stands out in the Chloroplast 2010 phenotypic pipeline due to altered whole plant morphology and leaf FAMEs. This line has lighter green leaves than the wild type, but the rosette size and leaf shape are normal (Fig. 4A) . Levels of chloroplastic 16:1D 7 and 16:2 FAMEs are approximately 50% and 20% lower than in the wild type, respectively. This mutant is annotated as having a T-DNA insertion in exon 6 of a long-chain acyl-CoA synthetase (ACS3; At1g64400; Fig. 4A ). Acyl-CoA synthetases play central roles in fatty acid metabolism and transport because they activate free fatty acids to fatty acyl-CoAs by an ATP-dependent thioesterification (Schnurr et al., 2002; Shockey et al., 2002) . Considering the biochemical function of these enzymes in fatty acid biology, it appeared reasonable to hypothesize that lower levels of 16:1D 7 and 16:2 are due to a perturbation in fatty acid metabolism, suggesting that this mutation defines a role for this specific gene. To test whether mutation of ACS3 caused the phenotypes, two other independent homozygous mutant alleles were tested. Contrary to expectation, SALK_084299C and SAIL_868_G02 possessed wild-type leaf color and fatty acid composition (Fig. 4) . Therefore, the phenotypes observed for SALK_027707C are presumably caused by one or more mutations outside of the ACS3 gene. This underscores the importance of having multiples lines of evidence to associate mutation of a gene with an altered phenotype.
Confirming Genotype Is Essential
The previous example illustrates that the value of data generated by reverse genetics projects is critically dependent on the number and quality of available homozygous mutants. The collection of publicly available Arabidopsis insertion lines is an unprecedented resource for plant functional genomics. However, as our project sought to confirm the phenotype of lines selected randomly or chosen based upon their phenotypes, some were found not to contain a detectable insertion at the annotated locus. Because these lines complicate the interpretation of data generated by the project, a relatively high-throughput genotyping assay was used to test all individuals entering the pipeline (see "Materials and Methods"). Out of 3,673 independent lines tested, 74% genotyped as homozygous for the proposed insertion, 14% had individuals with a combination of any of the three genotypes but were not all homozygous (called segregating lines), and 12% yielded results consistent with all tested lines being wild type for the proposed insertion ( Fig. 5A ; Supplemental Table S1 ). Phenotypic data from plants that did not yield genotypic data consistent with being homozygous for the target mutation are filtered from the project database to increase the robustness of the phenotypic data.
Secondary Mutations That Cause the Detected Phenotypes
In theory, the use of sequence-indexed T-DNA mutant collections in large-scale phenotypic screens accelerates the rate of gene discovery, because identification of the affected locus by genetic mapping should not be necessary. However, occasionally, the observed phenotype is caused by a secondary mutation and not by the T-DNA-tagged gene associated with the mutant line. Thus, confirmation of an observed phenotype with a second line of evidence is a requirement if accurate gene-phenotype relationships are to be established. In the case of a high-throughput phenotyping platform such as the Arabidopsis Chloroplast 2010 Project, the most straightforward approach is to assay two or more T-DNA lines for every gene tested. Three years into the project, we have encountered a number of examples where a strong phenotype was caused by a known secondary mutation and not by the locus associated with the T-DNA-tagged line. The following are examples of cases where the locus responsible for the phenotype was identified and verified by analysis of the candidate locus.
SALK_006881C: a Mutant Lacking the Main 16-Carbon Unsaturated Fatty Acids
SALK_006881C contains a T-DNA insertion approximately 1,000 bp from the proposed start codon of At2g37290 (Fig. 6A ), a protein that shows similarity to Rab GTPase activators. Rab proteins are a family of small GTPases that are involved in the regulation of vesicular membrane trafficking. Leaf FAMEs of SALK_006881C lack any detectable amounts of the unsaturated 16-carbon fatty acids 16:1D 7 , 16:2, and 16:3 (Fig. 6B) . The mutant leaves also have increased levels of 16:0, suggesting that a block in 16:0D 7 desaturation activity catalyzed by FAD5 (At3g15850) was the biochemical cause of the observed fatty acid phenotype (Heilmann et al., 2004a (Heilmann et al., , 2004b . At the time, a second allele for At2g37290 was not available, and the FAD5 gene was sequenced from SALK_006881C. Indeed, the last exon of FAD5 in SALK_006881C was missing 8 bp (1,600-1,607 bp starting from the translational start site; Fig. 6A ). This out-of-frame deletion is predicted to cause truncation of FAD5 protein, followed by insertion of 22 new amino acids. Therefore, we attribute the altered fatty acid phenotype in SALK_006881C to a lesion within the FAD5 locus and not to At2g37290. Based upon these results, the allele causing the FAME defect of SALK_006881C is designated as fad5-2, and the T-DNA insertion allele is named rgc1-1.
SALK_133788C: a Mutant with Low Afternoon Starch
Results with SALK_133788C reinforce the importance of confirming the association of mutant genotype and phenotype with a second line of evidence. This SALK line contains an insertion in the single exon of At5g65300, a gene of unknown function. Seedlings for SALK_133788C are small and slow growing, with reduced accumulation of leaf starch in the afternoon under the standard 12-h photoperiod used in the pipeline (Fig. 7B) . However, SALK_069313C, a mutant also carrying a homozygous insertion in the exonic region of At5g65300, had normal morphology and starch accumulation (Fig. 7B) . This led to the hypothesis that the starch deficiency and slow growth phenotype of the first mutant line was caused by a secondary mutation in a gene involved in starch biosynthesis. This was confirmed by demonstration of a T-DNA insertion in the last exon of the small subunit of ADP-Glc pyrophosphorylase (ADG1; At5g48300; Fig. 7A ), a key enzyme of starch biosynthesis (Wang et al., 1998) . Taken together, these data argue that the low afternoon starch and slow growth under the 12-h photoperiod observed for SALK_133788C are due to a lesion at ADG1 and not to the locus of unknown function, At5g65300. The ADG1 mutation has been named adg1-2.
SALK_134724C: a Mutant with High Seed Thr and Cys
SALK_134724C is annotated as mutant at locus At5g57420 because it contains a T-DNA insertion within 1,000 bp upstream from the inferred start of translation. This line was found to have seeds containing abnormally high levels of the amino acids Thr and Cys (Fig. 8B) . At5g57420 encodes IAA33, annotated as a member of the auxin/indole-3-acetic acid (AUX/IAA) gene family. Characterized members of this gene family are nucleus-targeted transcriptional repressors that play a role in regulating auxin-mediated gene expression (Overvoorde et al., 2005) . We were unaware of examples where mutants of the AUX/IAA gene family cause changes in seed metabolism; therefore, this was an intriguing phenotype for IAA33. However SALK_146583C, a second insertion mutant of IAA33, did not accumulate high Thr and Cys, suggesting that a secondary mutation caused this phenotype.
High seed Thr phenotype (Jander et al., 2004; Joshi et al., 2006) and high Thr plus Cys were observed for the loss-of-function tha1-1 Thr aldolase mutant (Fig. 8B ). THA1 enzyme (At1g08630) degrades Thr to Gly and is highly expressed in seeds and seedlings. Therefore, accumulation of Thr, the THA1 substrate, is expected for a tha1 mutant that is blocked in Thr degradation. The THA1 gene was sequenced from SALK_134724C and found to contain a single nucleotide deletion (T), predicted to result in translational frameshift, loss of the last 83 amino acids of the normal protein, and incorporation of 20 spurious amino acids (Fig. 8A) . We conclude that this mutation likely causes the altered seed amino acid profile and designate this allele tha1-3.
Chlorophyll Fluorescence as a Case Study
The examples described above illustrate how this large-scale reverse genetic screen yields mutants defective in the annotated gene or unlinked mutations, both of which can contribute to our understanding of plant biology. This principle is observed beyond the A, A total of 3,673 independent T-DNA lines annotated as homozygous for specific alleles were genotyped; 74% were homozygous (Homo), 12% were wild type (WT), and 14% had individuals with a combination of any of the three genotypes but were not all homozygous (Seg) for the proposed insertion. These could include seed stocks contaminated with wild-type seed or with seeds of other mutants. B, Out of the 2,733 homozygous SALK lines, 70% of loci have a single allele (One), 26% of genes have two independent homozygous mutants (Two), and 4% of genes have more than two homozygous mutants (.2). metabolite phenotypes described above (fatty acids, starch, and amino acids). Query of the database for mutant lines with consistently decreased F v /F m before a 3-h high-light treatment, associated with altered PSII function (Maxwell and Johnson, 2000) , revealed examples of the various scenarios encountered in the project (Table I ). SALK_067017C has a T-DNA insertion upstream from the predicted mRNA-coding sequence of At5g52440, the homolog of the maize High Chlorophyll Fluorescence106 (HCF106) gene (Voelker and Barkan, 1995; Mori et al., 1999) . The reduction in F v /F m in SALK_067017C is the result of an increase in minimal chlorophyll fluorescence. We are unaware of published phenotypic characterization of this or other Arabidopsis hcf106 mutants, and this mutant supports the hypothesis that reduced HCF106 function has a similar physiological consequence as in maize. SALK_011143C, annotated as containing an insertion upstream of the mRNA-coding sequence of At5g13770, which encodes a pentatricopeptide repeatcontaining protein predicted to be chloroplast localized, reinforces the fact that multiple alleles are necessary to equate genotype with phenotype. This line consistently has a lower F v /F m before high light, but a second insertion allele that maps very close to the low F v /F m mutant insertion (SALK_051012C) did not show a strong phenotype. Further experiments are required to distinguish between the hypothesis that the inconsistency in chlorophyll fluorescence phenotypes is due to differences in severity of the alleles or that a secondary mutation is responsible for the phenotype of SALK_011143C. Lines SALK_043116C, SALK_098173C, SALK_151984C, and SALK_096388C all have lower F v /F m before high light (Table I) , but lack of available second alleles precluded confirmation. These mutants are candidates for validation by alternative approaches such as confirmation with other alleles, segregation analysis, or analysis of candidate genes.
DISCUSSION
Understanding a role for every gene in the genome of one or more reference plant species is a major challenge for the international community of plant scientists. There are increasing numbers of resources for experimental (quantitative trait locus analysis, artificial microRNAs, whole genome association genetic analysis, large-scale gene expression analysis resources, and large-scale proteomics, among others) and Web-based gene function analysis (Lu and Last, 2008 ) available for analysis of Arabidopsis gene function. The tens of thousands of sequence-indexed homozygous Arabidopsis T-DNA insertion mutants in the "unimutant" collection (Alonso et al., 2003) is among the most useful sets of tools for plant functional genomics, because it enables rapid and inexpensive access to mutants altered in expression of the majority of genes in the Columbia ecotype.
The Chloroplast 2010 Project (www.plastid.msu. edu; makes extensive use of this Arabidopsis mutant resource. Several thousand nuclear genes are being targeted for broad phenotypic Figure 6 . Molecular basis of the altered FAME phenotype of mutant SALK_006881C. A, Locations and details of two mutations identified in SALK_006881C on chromosomes (Chr) II and III (centromeres are depicted by black ovals; gene models and mutation sites are schematically represented as described in the Fig. 1  legend) . Based on gene model At3g15850.1, the 8-bp deletion (8 bp del; indicated with an arrow) occurs 1,600 bp downstream of the FAD5 translation start site. B, GC-FID chromatogram traces of total leaf FAME extracts of wild-type (WT Col), SALK_006881C, and fad5-1 plants (Heilmann et al., 2004a analysis of loss-of-function mutants, and most of these genes are predicted to encode plastid-targeted proteins. Due to the large size of the project, a "one size fits all" pipeline approach is used to interrogate gene function. Because having two lines of evidence is essential for high confidence that a mutant phenotype is associated with alteration of a specific gene, our approach is to strive to assay two or more independent homozygous mutants for each target gene. Available mutants on the target list of more than 5,300 genes are ordered from the stock center, and two plants are tested for the genotype. Out of 3,673 lines tested at the time of this writing, 2,733 mutants were found to be homozygous for the insertion and 70% of these tested as having a single homozygous mutant line ( Fig. 5B ; Supplemental Table S1 ). In contrast, 26% of genes have two independent homozygous mutants and 4% of genes have more than two homozygous mutants.
Limitations of High-Throughput Genotyping
It is important to note the limitations of the genotyping data in Supplemental Table S1 . First, only two plants typically are assayed for each line; thus, if the population of seeds obtained is segregating for the allele or contaminated with a line wild type for the target locus, we may not find a homozygous line in the tested individuals. Second, our high-throughput Exonic nucleotides are in uppercase, while intronic nucleotides are in lowercase. Schematic representation of chromosomes (Chr), gene models, and mutations is as for Figure 6 . B, Liquid chromatographymass spectrometry analysis of Thr and Cys levels (mol %) in wild-type (WT Col), SALK_134724C, and tha1-1 seeds. Error bars represent SE values of four replicates. Based upon these results, the At1g08630 allele found in SALK_134724C is now designated tha1-3 and the insertional mutation in IAA33 is referred to as iaa33-2.
genotyping approach tests for the presence of the wild-type allele; while a control sample is run with wild-type tissue to confirm the ability of the assay to detect a wild-type allele, lack of an amplification product in the mutant line could be due to a problem with the PCR rather than to homozygosity of the mutant. This could cause us to misscore some heterozygous or homozygous wild-type plants. Finally, while we employ a sophisticated laboratory information management system to minimize tracking errors, no process is error free. For these reasons, it is suggested that the data in Supplemental Table S1 be used as a starting place for investigations of specific lines. Experiments should be conducted on lines obtained from the Arabidopsis Biological Resource Center or the Nottingham Arabidopsis Stock Centre/ European Arabidopsis Stock Centre to test the genotype of the each stock.
Lessons from the Phenotypic Pipeline Studies
A forward genetic ethyl methanesulfonate mutant leaf FAMEs screen was performed exhaustively by Browse et al. (1985) , and discovering mutants in other genes that cause changes in this phenotype reveals the promise of the high-throughput reverse genetics approach. One likely reason why this approach identified genes not discovered in the forward genetic screen is that the pipeline process involves running FAMEs on duplicate samples from each plant (process replicates) from two or more plants grown in separate flats (biological replicates) of each mutant line. This allows detection of more subtle changes in fatty acids. At1g10310, annotated as a pterin aldehyde reductase member of the large SDR family of proteins (Fig. 1) , and At4g25050, encoding ACP4 (Fig. 3) , are two such examples. The discovery that reduction (Fig. 1C) and overexpression (Fig. 2) of the SDR family protein mRNA causes changes in desaturation patterns of 18-carbon fatty acids extends our understanding of potential roles for this gene product. Support for the hypothesis that this enzyme functions in fatty acid or lipid metabolism was obtained by discovery that bacterial homologs of At1g10310 genetically cluster with known genes of fatty acid biosynthesis, including acyl carrier proteins and fatty acid synthase subunits (http://www.functionalnet.org/aranet/). Our results are not sufficient to differentiate between a direct or indirect role for this enzyme in determining 18:1 and 18:3 fatty acid levels. An intriguing (but unlikely) possibility is that the protein directly participates in reduction of polyunsaturated fatty acid double bonds. Alternatively, the protein could have enzymatic activity against medium-to long-chain fatty aldehydes, thereby indirectly affecting 18-carbon substrate pools. Our results with acp4 mutants validate published phenotypes of antisense ACP4 transgenic lines and show that loss of ACP4 function alone is sufficient for small light green plants with altered fatty acid metabolism and photosynthetic electron transport. The acp4 mutant results also underline the value of measuring multiple types of phenotypes for each mutant: the changes in whole plant morphology and chlorophyll fluorescence call attention to these mutants and make the relatively subtle differences in FAME profiles more noticeable during analysis of the high-throughput data.
Second lines of evidence supporting the results of phenotypic analysis of a single mutant allele can come from a variety of sources other than independent mutations in Arabidopsis. The T-DNA insertion allele SALK_067017C is an example where a second line of evidence comes from functional analysis of another organism. While we are not aware of phenotypic mutant results from any other Arabidopsis At5g52440 alleles, reduction in expression of the homologous maize gene HCF106 results in a similar phenotype (Voelker and Barkan, 1995) . This strongly suggests that the T-DNA insertion upstream from the At5g52440 coding region is responsible for the defect in PSII function of the Arabidopsis mutant.
Not surprisingly, we discovered several examples of phenotypes caused by mutations outside of the annotated gene. Because the average number of insertions per T-DNA line was estimated to be more than one (Alonso et al., 2003) , we anticipated finding examples of second site T-DNA insertions that cause the observed phenotypes. Indeed, the reduced afternoon starch mutant SALK_133788C contains a second insertion in the starch biosynthetic enzyme gene ADG1 (At5g48300). Two other mutants whose phenotypes were not confirmed by independent T-DNA mutations were found to have small deletions in previously described genes (fad5-2 [ Fig. 6A ] and tha1-3 [Fig. 
7A]).
Other mutants whose phenotypes did not confirm in second insertion alleles presumably have secondary mutations in other genes (e.g. the light green and altered 16-carbon FAME pattern of SALK_027707C [ Fig. 4 ] and the altered F v /F m trait found in SALK_011143C [ Table I] ). While the existence of tagged and untagged secondary mutations complicates the process of identifying genes responsible for specific phenotypes, these mutants also create opportunities for discovering novel genes affecting the phenotypes that are being assayed in the Chloroplast 2010 Project or new alleles of previously characterized genes. This would require the identification of secondary insertion mutations, map-based cloning, or whole genome sequence analysis to discover the genetic changes responsible for the phenotype.
Relevance of the Results to the Chloroplast 2010 Project
The results in this study can be used to guide investigators using the phenotypic data in the Chloroplast 2010 Project database (http://bioinfo.bch.msu. edu/2010_LIMS). Genes with two mutants of similar phenotypes offer the most attractive candidates for analysis. The next best case scenario is one in which only a single mutant is available but other types of evidence can be used to support the hypothesis that mutation of the annotated gene causes the observed phenotype. Examples include mutations in other organisms that give rise to a similar phenotype (e.g. HCF106 and At5g52440), coregulation with other genes of known function (Gao et al., 2009) Li et al. (2006) . Seed triacylglycerols were extracted and separated by thin-layer chromatography as described by Focks and Benning (1998) . Bands corresponding to triacylglycerols were scraped from thin-layer chromatography plates, and FAMES were analyzed by GC-FID. Seeds for lines described in this paper have been deposited to the Arabidopsis Biological Resource Center (Supplemental Table S2 ).
Genotyping SALK Lines
DNA samples were archived onto Whatman FTA Plantsaver cards and prepared following the manufacturer's recommendations. SALK lines were genotyped using two different PCR-based strategies. The first approach followed the guidelines recommended by the SALK Institute (http://signal. SALK.edu/tdnaprimers.2.html). Primers were designed utilizing the SALK T-DNA primer design tool with the Ext5 value changed to 200 and using LBa1 as the T-DNA-specific primer. Briefly, each archived sample was subjected to two PCR procedures: an amplification using two specific genomic primers, and an amplification using a specific genomic primer and a T-DNA insertspecific primer (LBa1, 5#-TGGTTCACGTAGTGGGCCATCG-3#). The specific genomic primers were also used to amplify a wild-type plant sample in parallel to assess primer quality. PCR products were then visualized using agarose gels with ethidium bromide.
To process the large number of archived samples, more than half of those shown in Supplemental Table S1 were genotyped using a high-throughput "first-pass" SYBR Green method, with only those samples not appearing to be homozygous subjected to further analysis to distinguish between heterozygous and wild-type genotypes using the two-reaction method and agarose gel visualization. In this method, two sibling samples were placed in the same reaction well to genotype with two gene-specific genomic primers (LP and RP), designed to amplify the wild-type allele. One wild-type sample was also genotyped in the adjacent well with the same two specific genomic primers as a positive control. Samples were amplified using SYBR Green PCR Master Mix following the manufacturer's recommended cycling conditions (Applied Biosystems) except that reactions were supplemented with one additional unit of Ampli-Taq Gold (Applied Biosystems) and primers were added to a final concentration of 0.1 mM. End-point values were read at 72°C by a 7900 HT Sequence Detection System (Applied Biosystems). End-point fluorescence values of wild-type and mutant samples were compared, and mutant samples that did not appear to contain PCR product were considered to be homozygous. If the pooled mutant samples appeared to contain amplified product, each sibling was genotyped again separately on agarose gels using the tworeaction approach described above. Regenotyping eliminated false positives caused by primer-dimer detection and allowed us to infer whether a line was heterozygous for the insertion mutation or homozygous for the wild-type allele. However, it is likely that occasionally low-yield PCRs were incorrectly interpreted as being homozygous.
Identification of Secondary Mutations
Genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen) following the manufacturer's protocol. The following primers were used to amplify and sequence the FAD5 genomic locus in SALK_006881C: 5#-ATA-AGTTAAGGGTTTAAGCC-3# and 5#-AAAGCAGAACAAAATCCTTT-3#. The following primers were used to further sequence FAD5: 5#-TTGAT-ACCAATACAATCACCC-3#, 5#-GACGAAAATCAAATCAGAAACC-3#, and 5#-GAACCAAAACCCATCAAGTG-3#. The THA1 genomic locus was amplified from SALK_134724C and sequenced using the following primers: 5#-GGTGTTGGTACTCAAAAGTGTTCC-3# and 5#-TTAATTAAAATGTACT-TTAGACAAC-3#. The following primers were used to further sequence THA1: 5#-ATTAGAGATCCTAAAGGAAGCACG-3#, 5#-GATAAGAGTCATT-CACACACACTC-3#, and 5#-GTGACTCAGTGATGCATCAATCAC-3#. Presence of an insertion in the At5g48300 locus was identified in SALK_133788C using a gene-specific primer (5#-GGACTCCGTTCCTGCATATC-3#) and a T-DNA right border primer (5#-GGTTCTGTCAGTTCCAAACG-3#) for PCR confirmation and sequence verification.
Semiquantitative Reverse Transcription-PCR Analysis
Total RNA was extracted from rosette leaves using the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. First-strand cDNA was synthesized from 1 mg of RNA with SuperScript III (Invitrogen). ReadyMix redtaq (Sigma-Aldrich) was used for the PCR using the following thermal cycling conditions: 95°C for 2 min; 36 cycles of 95°C for 45 s, 55°C for 45 s, and 72°C for 45 s; and 72°C for 10 min. Primers specific to the At1g10310 SDR were 5#-ATGACGATGGCGACGCCTTT-3# and 5#-CAGTAAGGTGCAACCAG-GGC-3#. Primers for the control gene elongation factor1-a (At5g60390; Ajjawi et al., 2007) were 5#-CATGGGTGTTGGACAAACTT-3# and 5#-CTCCTTGAT-GATTTCATCGT-3#.
Generation of the 35S:At1g10310 Construct and Plant Transformation
Total RNA was isolated and cDNA was synthesized as described above. The SDR open reading frame (gene model At1g10310.1) was amplified using primers 5#-ATGACGATGGCGACGCCTTT-3# and 5#-TTAGACTGTGAGA-GATCCGC-3#. The resulting PCR fragment was cloned into pCR8/GW/ TOPO (Invitrogen) according to the manufacturer's recommendations. The SDR open reading frame was inserted into the Gateway-compatible vector pMDC32 (Curtis and Grossniklaus, 2003) using LR Clonase (Invitrogen) as recommended by the manufacturer. The binary plant transformation vector carrying the SDR coding sequence designated 35S:At1g10310 was introduced into Agrobacterium tumefaciens strain C5851 and transformed into wild-type Columbia plants by floral dip (Clough and Bent, 1998) . The T1 seeds were screened for hygromycin B (25 mg mL 21 ) resistance, and the resulting T2 seeds were again screened for hygromycin resistance to identify lines with antibiotic segregation ratios consistent with the presence of a single transgene locus.
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